Summary Soil CO 2 efflux (SR) is the second largest carbon flux on earth. We investigated the driving factors of the seasonal change and short-distance spatial variation in SR in a short-rotation plantation of willow (Salix viminalis Orm). Total annual SR ranged from 723 to 1149 g C m -2 year -1 . Both an exponential and a logistic model were fitted to the data, with soil temperature at a depth of 5 cm as the independent variable. The R 2 values for individual sampling points ranged from 0.83 to 0.95 and from 0.85 to 0.93 for the exponential and logistic models, respectively, indicating that soil temperature largely determined the seasonal variation in SR. Modeled soil SR at 10°C ranged from 1.22 to 1.95 µmol m -2 s -1 , whereas modeled annual Q 10 values were between 3.31 and 6.13. These high Q 10 values were attributed to the absence of drought during the study in 2005. When the coefficients of the general SR models were replaced by linear dependencies on soil and vegetation-related characteristics, the resulting spatially explicit exponential and logistic SR models explained 85 and 86%, respectively, of the variability within the dataset. The analysis indicated that soil carbon concentration, leaf area index, soil pH and root biomass caused differences in SR at the short distances considered in this study. However, incorporating information on variables considered to account for spatial variability in the model did not result in a higher R 2 compared with a simple temperature function. When the general SR models were applied to independent datasets from the same plantation, the logistic model provided a better fit than the exponential model when drought occurred. Drought greatly reduced the annual Q 10 values of SR.
Introduction
Young tree plantations may offer an opportunity to sequester carbon (C), e.g., by increasing soil carbon stocks (Palmer 2003) . The biomass produced by these plantations also offers a means of substituting biofuels for fossil fuels. Bio-energy plantations are characterized by high standing densities and are intensively managed to maximize biomass production over a relatively short crop rotation. European set-aside policies favor establishing short-rotation forestry (SRF) plantations on former agricultural land; therefore, study of the carbon cycle of such ecosystems will help to assess their impact on regional carbon balances. Although many studies have investigated soil respiration processes in forest ecosystems, only a few have focused on bio-energy plantations (e.g., Scarascia-Mugnozza et al. 2005) .
Forest ecosystems play an important role in the global carbon cycle (Bolin and Sukumar 2000) . The net ecosystem exchange (NEE) of a forest-the balance between CO 2 fixation by photosynthesis and the release of carbon as CO 2 by ecosystem respiration (Matteucci et al. 2000 , Högberg et al. 2001 )-determines the carbon sink or source strength of a forest. Over two-thirds of forest ecosystem respiratory flux may be attributed to soil CO 2 efflux (SR) (Epron et al. 1999 , Curiel Yuste et al. 2005 ). As such, SR is responsible for the second largest flux in the global C cycle, after that due to gross primary production (GPP) (Conant et al. 2000 , Pregitzer 2003 . Soil CO 2 efflux is the result of belowground CO 2 production through the respiratory activities of plant roots, mycorrhizal fungi and the free-living microbial and faunal populations of the soil, and its transport from the soil to the atmosphere (Janssens et al. 2001a) . The SR of an ecosystem can be characterized by its magnitude and its temporal and spatial variability. Spatial variation in SR beneath a forest canopy has been studied less often than temporal variation, although high spatial variability in SR has been reported in some forest ecosystems (Fang et al. 1998 , Rayment and Jarvis 2000 , ScottDenton et al. 2003 . Detailed knowledge of the factors driving temporal and spatial variability of SR is necessary in order to understand ecosystem behavior, develop process-based models and formulate appropriate experimental designs.
The rate of SR depends on many parameters. Soil temperature and soil water content are often the primary drivers of temporal variability (Kutsch and Kappen 1997 , Hom 2003 , Pregitzer 2003 , Kane et al. 2003 . Root and mycorrhizal biomass, the amount and availability of organic substrates, litter content or thickness, soil bulk density, nitrogen (N) and phosphorus (P) availability and distance from surrounding trees may all cause spatial differences in SR (Fang et al. 1998 , Matteucci et al. 2000 , Stoyan et al. 2000 , Xu and Qi 2001 , Irvine and Law 2002 , Pregitzer 2003 , Tang et al. 2005 .
Much effort has been spent during recent years in developing SR models. In many models, SR is assumed to increase exponentially with increasing soil temperature (Buchmann 2000 , Lee et al. 2002 , Pregitzer 2003 , whereas a variety of submodels describe the influence of soil water content on SR (Janssens et al. 2001a , Lee et al. 2002 , Raich et al. 2002 ). An extensive overview of frequently used SR models has been presented by Fang and Moncrieff (2001) . Because SR can lead to as much as 63% of the uncertainty of the model output for net ecosystem exchange (Verbeeck et al. 2006) , improvements in submodels are a prerequisite for better carbon cycling models.
Information on soil respiration processes in bio-energy plantations is scarce. Therefore, our objective was to study temporal and spatial variability in SR in a short-rotation tree plantation at Zwijnaarde, Belgium, and to identify factors that control this temporal and spatial variability. Specifically, we determined soil temperature, soil water content, soil physical and chemical characteristics and vegetation-related characteristics at a small spatial scale. The relationships observed were translated into both general and spatially explicit SR models that were validated by the use of independent datasets from the same plantation.
Materials and methods

Short-rotation tree plantation
During March and April 2001, a short-rotation plantation was established on former agricultural land at Zwijnaarde (51°02′ N, 3°43′ E), 10 km south of Ghent, Belgium. The site is characterized by a temperate maritime climate, with moderate temperature variation, prevailing westerly winds, heavy cloud cover and regular rainfall. Long-term mean values for air temperature and annual precipitation are 9.8°C and 821 mm, respectively (1961 ( -1990 ( , RMI 2006 . At the start of the experiment, the upper 30 cm of the sandy soil had a mean organic carbon concentration of 1.0% and a pH KCl of 4.5. The total area of the plantation is 8800 m 2 , comprising 22 plots of 400 m 2 each (25 m × 16 m). Birch (Betula pendula Roth.), maple (Acer pseudoplatanus L. Tintigny), poplar clone 'Hoogvorst' (Populus trichocarpa Torr. and Gray × Populus deltoides Bartr. and Marsh) and willow (Salix viminalis L. var Orm) were planted on four, three, eight and seven plots, respectively. Birch and maple were planted as 2-year-old saplings, with a density of 6667 stems ha -1 (spacing: 1.0 × 1.5 m), and 20-cm unrooted cuttings of poplar and willow were planted with an initial density of 20,000 stems ha -1 (spacing: 1.0 × 0.5 m). Before plantation establishment, the upper 20 cm of the soil was tilled, but no weed control, fertilization or irrigation were performed thereafter. Measurements were made in three willow plots, referred to as W3, W15 and W19. Model validation data were available for plot W19 and for one of the birch plots (B8).
Measurement of soil CO 2 efflux
Soil CO 2 efflux was measured with a closed-cycle portable infrared gas analyzer (EGM-1) connected to an SRC-1 soil respiration chamber (PP Systems Ltd., Hitchin, U.K.) with an inner diameter of 10 cm. A PVC rim attached to the bottom of the SRC-1 chamber increased the area of the soil encompassed to 277.6 cm 2 (Curiel Yuste et al. 2003) . The lower side of the rim had a slot with a rubber joint that provided an airtight seal with the collars. For measuring SR, the chamber was placed on a 12-cm high PVC collar with an 18.8 cm internal diameter. Two months before the start of the measurements, collars were inserted in the soil to a depth of 6 cm and remained in place throughout the experiment. All live vegetation was removed from inside the collar at the time of insertion; emerging vegetation was clipped at the soil surface during the experiment. During measurements, a maximum CO 2 concentration increase of 50 ppm inside the chamber headspace was allowed, and the maximum measurement period was 2 minutes. Preliminary measurements showed that during a 2-min measurement period, the rate of change in CO 2 concentration was constant. Coefficients of the relationship between increasing CO 2 concentration and elapsed time were used to determine the SR rate (µmol m -2 s -1 ). Janssens et al. (2000) reported that the SRC-1 system tends to overestimate SR; however, Giardina and Ryan (2002) found no significant differences between the SRC-1 and the Li-Cor LI-6400 system. Moreover, an extensive comparative study of soil CO 2 measurement chambers failed to demonstrate systematic over-or underestimation by the modified SRC-1 system (Pumpanen et al. 2004) .
Soil CO 2 efflux was measured every two weeks from January 2005 to January 2006 in willow plots W3, W15 and W19. In each plot, eight collars were installed. Four of these collars were installed within 1 m 2 of each other, whereas the others were randomly spaced over the plot. Because preliminary measurements revealed a distinct daily pattern in SR, measurements were performed between 0900 and 1100 h (cf. Xu and Qi 2001) . Single SR measurements were made at each of the sampling locations on 29 dates regularly spaced throughout 2005 to reflect the seasonal trend in SR. To calculate the annual budget of the amount of carbon lost by soil respiration, the instantaneous SR rates were weighted according to half the number of days between the former and the next measurement in relation to the actual sampling date.
Soil temperature and soil water content
Concurrent with the SR measurements, soil temperature (ST) and volumetric soil water content (SWC) were measured. An STP-1 sensor (PP Systems Ltd.) connected to an EGM-1 measured ST (°C) at a depth of 5 cm next to the PVC collar. Volumetric SWC (cm 3 cm -3 ) at a depth of 6 cm was determined with a portable frequency domain reflectometry sensor (Theta Probe, model ML2-x, Delta-T Devices, Cambridge, U.K.) from April 2005 onward. Three soil water measurements were made around each collar. A plot-specific calibration function was established for this sensor before the measurements were made. The weighted mean annual ST and SWC were calculated as described for SR.
Soil bulk density
Soil bulk density and porosity affect SR rates (Raich and Schlesinger 1992) . We determined soil bulk density (g cm -3 ) in the 0-5-and 5-15-cm soil layers using Kopecky rings to take samples of a known volume. After the measuring campaign, litter was removed from the soil surface and soil samples were taken within the collars and dried at 105°C for 24 h.
Chemical soil characteristics
In January 2006, soil samples were taken within the collars to determine pH KCl , organic carbon (C) concentration, total nitrogen (N) concentration and C:N ratio in three depth layers: 0-5, 5-15 and 15-30 cm. The pH KCl was determined with an Orion pH 15 E Meter (Model 920A), combined with an Orion pH-electrode Model Ross sure-flow 8172 (Orion, Boston, USA). Organic carbon was determined by the Walkley and Black method (Kalra and Maynard 1991) and N by the modified Kjeldahl method (Bremner 1996) . Bulk density values of the 5-15-cm layer were also used to calculate C and N in the 15-30-cm layer when calculating area-based soil C and N concentrations.
Vegetation-related characteristics
On August 17, 2005, maximum leaf area index (L) was determined above each sampling point as the mean of two measurements, made by holding a SunScan system (Delta-T Devices) immediately above the collar in two perpendicular directions (N-S and E-W). In January 2006, distances between the center of the collars and the four nearest trees were determined. Mean distances to the two, three and four nearest trees were calculated. For these trees, stem diameters at 30-cm height were measured, and aboveground dry biomass (DM; g tree -1 ) was estimated from site-specific allometric relationships (Vande Walle et al. 2007) . Total aboveground dry biomass within a radius of 1 m around the center of each collar was calculated (g m -2 ). In January 2006, litter lying on top of the soil was gathered in each collar, dried at 50°C to constant mass and dry mass determined (g m -2 ). Root biomass in the 0-15-and 15-30-cm soil layers was determined from soil samples taken in the collars in January 2006. Samples were stored in a freezer and analyzed within a month. Defrosted soil samples were spread on a 0.5-mm sieve. After washing the samples gently with water, roots were removed manually from the sieve, and were grouped in four diameter classes: < 1, 1-2, 2-5 and > 5 mm. After drying at 50°C to constant mass, root dry mass was determined (g m -2 ).
Soil CO 2 efflux model
Two model types were selected to describe the relationship be- 
where SR is soil CO 2 efflux (µmol m -2 s -1 ), ST is soil temperature at 5-cm depth (°C), a e and b e are coefficients of the exponential model and a l , b l and k l are coefficients of the logistic model. The a l coefficient represents the maximum SR, b l determines the elongation along the x axis and k l affects the steepness of the curve at its inflection point (Rodeghiero and Cescatti 2005) . This logistic function is symmetric about the inflection point (coordinates x = (ln b l )/k l , y = a l /2) and has an asymptote at y = a l . Moreover, because this model is S-shaped, it can fit SR data affected by drought. In that case, SR rates at high temperatures decrease because of drought. Model coefficients were determined for each sampling point by the nonlinear regression option of the SPSS 12.0 software program (SPSS Inc., Chicago, IL).
The Q 10 is the factor by which the respiration rate differs for a temperature interval of 10 °C, and can be defined as:
where SR ST and SR ST+10 are SR rates at soil temperatures ST and ST + 10, respectively Moncrieff 2001, Smith et al. 2003) . For the first-order exponential model, Q 10 values are constant over the temperature range under consideration, whereas the logistic model suggests a change in Q 10 over this range.
To visualize the spatial correlation of mean SR and of weighted mean ST, semivariograms were constructed. For this purpose, the semivariance (SVar) for each pair of collars (i,j), separated by a specific distance h(i,j), was calculated as :
where z is the value of the parameter at locations i and j. Graphing SVar across all separation distances provides the semivariogram, which summarizes both the degree of autocorrelation present and the geographic range over which it is significant (Stoyan et al. 2000 , Fortin et al. 2002 , Omonode and Vyn 2006 . For a spatially dependent variable, the semivariogram should, theoretically, increase asymptotically from the origin. We followed the procedure described by Rodeghiero and Cescatti (2005) to establish spatially explicit SR models. After model coefficients for Equations 1 and 2 were fitted separately for each sampling point, both models were applied to the whole dataset (24 sampling points, 648 data points). At first, the original formulations as given by Equations 1 and 2 were used, whereby SR depended entirely on ST. The coefficient of determination for the whole dataset was 0.85 for both models. Afterward, the coefficients of the models (a e , b e , a l , b l and k l ) were replaced by linear dependencies on characteristics other than ST, allowing more insight into the factors driving spatial differences in SR (Rodeghiero and Cescatti 2005) . The total number of available soil and vegetation-related parameters was 79. To reduce the number of characteristics considered for the construction of a spatially explicit SR model, correlations among and between these characteristics were first checked by Pearson or Spearman correlation coefficients. Only one of the strongly mutually correlated characteristics was taken into account for model construction. The following 25 characteristics were selected as possible predictors: maximum SWC; interquartile range of SWC; soil bulk density of the 0-5-and 5-15-cm layers; pH of the 0-30-cm soil layer; C and N concentrations of the 0-30-cm layer (both on a mass and an area basis); C:N ratio of the 0-5-, 5-15-and 15-30-cm soil layers; L; litter DM; distance to and biomass of the nearest tree; biomass within a circle with a radius of 1 m around the collar; and root biomass of the four diameter classes for the 0-15-and 15-30-cm soil layers. A forward linear regression procedure (SPSS v.12.0, SPSS, Chicago, IL) was used to determine the linear relationship that best described the coefficients a e , b e , a l , b l and k l of the SR models as a function of the selected characteristics, based on data from the 24 collars in plots W3, W15 and W19. After replacing the coefficients by the linear dependencies on soil or vegetation characteristics, the spatially explicit models were calibrated using all available SR measurements (n = 648).
Results
Seasonal variability of soil CO 2 efflux
Seasonal variation in SR was strongly correlated with variation in ST (Figure 1 ). The period with highest temperatures (July-September) corresponded with a period of relatively low SWC.
Annual changes in the coefficient of variation (CV) for all sampling points (n = 24) for SR, ST and SWC are shown in Figure 2 . For SR and ST, CVs were highest in winter. The CV was higher for SR than for ST or SWC (Figure 2 ), indicating that spatial variation in ST or SWC did not account for all of the observed spatial variability in SR.
Total annual soil CO 2 efflux
Mean total SR of all individual sampling points calculated for the year 2005 was 896 g C m -2 year -1 (n = 24), with a CV of 13.8%. Minimum and maximum total SR amounted to 723 and 1149 g C m -2 year -1 , respectively. In comparison, the CV of the weighted mean ST was only 1.6%, whereas the CV of the weighted mean SWC was 6.6%.
In a first attempt to explain spatial differences in SR, linear regressions between total annual SR and weighted mean ST and SWC were established. However, the coefficients of these relationships were not significantly different from zero. Furthermore, no significant coefficients were found when the range in ST or the range in SWC (calculated as the maximum minus the minimum value of ST and SWC, respectively) was the independent variable in the linear regression. 
Relationship of soil CO 2 efflux with soil temperature
Values of R 2 for the exponential model (Equation 1) describing the relationship between SR and ST, calculated for all sampling points separately, ranged from 0.83 to 0.94, whereas for the logistic model (Equation 2), R 2 ranged from 0.85 to 0.93. For some collars (nine in total), nonlinear regression analysis resulted in unrealistically high values for the coefficients of the logistic model (e.g., a l values from 624 to 110978500 µmol m -2 s -1 ) and so were omitted from the dataset. Figure 3a illustrates the relationship between SR and ST for measurements made in one of the collars in plot W19. The exponential and logistic models are indicated on the same graph. In general, residuals were larger for higher SR. However, Figure 3b shows that both models captured the seasonal variation as well as the magnitude of SR measured in this collar. Graphs for other collars were similar. The overall exponential and logistic models can be represented by Equations 5 and and 6, respectively: . .
where SR is soil CO 2 efflux (µmol m -2 s -1 ) and ST is soil temperature at a depth of 5 cm (°C). For both models, R 2 was 0.85 and root mean square error (RMSE) was 0.79. After obtaining the model parameters, SR rate at a reference ST of 10°C was calculated; this temperature was close to the weighted mean ST observed during 2005 (i.e., 10.7°C). Soil CO 2 effluxes at the reference ST ranged from 1.22 to 1.95 µmol m -2 s -1 . Values of Q 10 , calculated from modeled SR rates at soil temperatures of 10 and 20°C (Equation 3), ranged between 3.47 and 6.14 for the exponential model, and between 3.31 and 4.97 for the logistic model.
Correlations among and between soil and vegetation-related characteristics
Mean, minimum and maximum values of all of the soil and vegetation-related characteristics determined in the three willow plots are presented in Table 1 . Pearson or Spearman's analysis revealed little relationship between soil bulk density and pH on the one hand, and area-or mass-based C or N concentration or C:N ratio on the other hand. Carbon and nitrogen concentrations were strongly and positively correlated within soil layers.
No significant correlation was found between different root diameter classes within the 0-15-or 15-30-cm soil layers. Moreover, there was no significant correlation between the biomass of roots of a specific diameter class present in the two soil layers. The only exception was in the 0-30-cm soil layer, where there was a weak but significant correlation between the roots < 1 mm and the roots 1-2 mm in diameter (r = 0.444). In Table 1 , mean values of root biomass in both soil layers are given for the four diameter classes. The largest part of root biomass comprised roots with a diameter < 1 mm, which were most abundant in the upper soil layer. Roots with a diameter > 5 mm were found exclusively in the 15-30-cm layer. Roots of intermediate diameters (1-2 and 2-5 mm) were almost equally distributed in both layers.
No obvious correlation was found between L and distance to the surrounding trees, biomass of the surrounding trees or amount of litter in the collars. The amount of litter in collars was unrelated to the distance from, or the biomass of, surrounding trees. Mean, minimum and maximum values of these variables are given in Table 1 . No significant correlation was found between root biomass and tree biomass or L. The amount of roots < 1 mm in diameter in the upper soil layer (0-15 cm) was positively correlated with the mean distance to the two nearest trees (r = 0.596) and negatively correlated with the amount of litter (r = -0.667). There were no significant correlations for other root diameter classes or for the 15-30-cm soil layer.
Few significant correlations were found between soil and vegetation-related characteristics. Contrary to our predictions, there were no significant correlations between either area-or mass-based soil C or N concentration and L, amount of litter or root biomass. The only positive correlation was between pH of the upper soil layer (0-15-cm) and the aboveground tree biomass within a radius of 1 m (r = 0.739).
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Spatially explicit soil CO 2 efflux model
Semivariograms for all pairs of collars situated within one willow plot (distance between collars < 12 m) are presented in Figures 4a and 4b for mean total annual SR and weighted mean ST, respectively. From these graphs, it can be concluded that SR and weighted mean ST were not spatially correlated, in contrast to the study of Rayment and Jarvis (2000) , where there was a high correlation for distances less than 1 meter. Semivariograms for all available pairs of collars, i.e., for distances up to 200 m, revealed no spatial correlation for mean SR or weighted mean ST within the plantation.
Pearson or Spearman correlation coefficients were used to investigate the relationship between total annual SR and soil and vegetation-related characteristics. As illustrated in Figure 5 , there was a significant positive correlation between total annual SR and root biomass (diameter < 2 mm), present in the upper soil layer (0-15 cm). Total annual SR was not correlated with soil C or N concentration. After replacing the model coefficients a e , b e , a l , b l and k l by linear dependencies on soil or vegetation-related characteristics and calibrating the models with all available data (n = 648), we obtained the spatially explicit SR models: 
where C 0-30 is the mean, mass-based soil carbon concentration in the 0-30-cm soil layer, pH 0-30 is the mean pH of the 0-30-cm soil layer and r a1-2 is the dry biomass of 1-2-mm diameter roots (g m -2 ) present in the 0-15-cm soil layer. As can be seen from Equation 7, no clear relationship emerged between a e and the soil or vegetation-related characteristics.
Values of R 2 were 0.85 for the spatially explicit exponential model and 0.86 for the spatially explicit logistic model, and RMSE were 0.77 and 0.75, respectively. For both general and spatially explicit models, higher absolute values of residuals were observed for higher soil temperatures. The slopes of the linear regressions between residuals and ST were not significantly different from zero, indicating no under-or overestimation of SR with increasing temperature for the four models.
Discussion
Temporal variation in soil CO 2 efflux
Inserting collars on which are to be mounted soil respiration chambers disturbs the soil environment. When the soil within the collars is not recolonized by roots, total SR is underestimated. At Zwijnaarde, soil collars were installed two months before the measurements began. As can be seen from Table 1 , most (fine) roots were found in the upper soil layer. At the time root biomass was determined, most roots were alive. In January, mean root dry biomass (d < 5 mm) in the collars in plot W19 amounted to 803 (± 359) and 200 (± 93) g m -2 in the 0-15 and 15-30-cm soil layers, respectively (n = 8). Devos (2006) , who used the soil core method (n = 9) to determine root biomass in the same plot, but in the absence of soil collars (samples taken in October), reported root dry masses of 1103 (± 275) g m -2 and 227 (± 91) g m -2 for the upper and lower soil layers, respectively. However, Devos (2006) found a lower root biomass when applying the soil pit method: 561 (± 133) and 188 (± 23) g m -2 for the upper and lower soil layers, respectively. The findings of Devos (2006) support our statement that roots recolonized soil collars well at our plantation, probably because the study stand comprised fast-growing young willow trees planted at a high density.
The observed annual pattern of SR in the plantation at Zwijnaarde, with high SR in summer and autumn-winter minima, corresponded well with other studies (Davidson et al. 1998 , Rey et al. 2002 , Curiel Yuste et al. 2003 , Scott-Denton et al. 2003 . The highest SR measured at Zwijnaarde was 10.0 µmol m -2 s -1 , but only 5% of all measured SR were higher than 6.3 µmol m -2 s -1 . Soil CO 2 efflux was less than 3.5 µmol m -2 s -1 for 75% of all measurements. This corresponded well to the range given by Matteucci et al. (2000) , who stated that, in general, SR in temperate forests varies between 0.6 and 14.8 µmol m -2 s -1 , with the majority of sites ranging between 0.6 and 3.2 µmol m -2 s -1 . Soil CO 2 efflux values observed at Zwijnaarde were also well within the range TREE PHYSIOLOGY ONLINE at http://heronpublishing.com of values reported for temperate forests by Epron et al. (1999) , Janssens et al. (2001a) , Irvine and Law (2002) and Rodeghiero and Cescatti (2005) . As in our study, these authors used closed dynamic systems to measure SR.
Seasonal variability in SR was largely accounted for by variability in ST at a depth of 5 cm in the short-rotation plantation at Zwijnaarde. Similarly, Janssens et al. (2001b) found that temperature was the dominant factor controlling the seasonal variation in SR in 16 forests of the Euroflux network. Many other authors have noted a close similarity in seasonal variation in SR and ST (Matteucci et al. 2000 , Raich et al. 2002 .
The high R 2 values of both SR models indicate that soil water did not limit SR in the three willow plots during the year 2005 ( Figure 6 ). From Figure 6 , it is clear that no period of excess water occurred in the willow plots, because both ST and SR decreased with increasing SWC during autumn and winter (Figure 1 ). At the other end of the SWC scale, patterns of SR and ST diverged, indicating an influence of drought. However, these measurements represented less than 5% of all measurements made during the year 2005. Other authors have noted a divergence between SR and ST under dry soil conditions (Epron et al. 1999 , Xu and Qi 2001 , Scott-Denton et al. 2003 . In several studies, ST explained more than 80% of the temporal variation in SR, when water stress was negligible (Maljanen et al. 2001 , Borken et al. 2002 .
Soil CO 2 efflux and ST at the inflection point of the logistic function ranged from 3.9 to 16.4 µmol m -2 s -1 and from 16.6 to 28.1°C, respectively. Only 20% of all measurements were higher than 4.1 µmol m -2 s -1 , whereas ST was higher than 16.6°C in only 20% of all measurements, and the maximum ST measured was 20.6°C. This means that most measurements were made in the linear part of the S-shaped logistic function, and as such, exponential and logistic functions described the relationship between ST and SR equally well. The absence of drought may explain why the value of SR with increasing ST did not reach an asymptote, because SWC was not limiting SR.
We tested if interpolation of SR measurements made during a limited period of the day (0900 to 1100 h in our study) led to an over-or underestimation of total annual SR. Hourly ST data (5-cm depth) were available for 2003 and 2004 for the plantation. Applying the collar-specific logistic model for 18 collars in birch plot B8 gave a mean total annual SR (August 2003 to July 2004) of 658.9 (± 36.0) g C m -2 year -1 , which was higher although not significantly different from the mean value of 607.6 (± 32.0) g C m -2 year -1 obtained by the interpolation procedure. Mean total annual SR in 2004 according to the modeling approach amounted to 676.6 (± 27.5) g C m -2 year -1
for the three rings in plot W19, which was not significantly different from the mean value of the interpolated data (718.7 ± 48.2 g C m -2 year -1 ). Therefore, we concluded the interpolation method gave a reliable estimate of total annual SR at our study site. We could not apply the modeling approach for 2005 because ST data were unavailable. Measurements after the first four years of tree growth indicated a mean decrease of 42% in soil carbon stocks in the upper 30 cm of the soil. Soil carbon stock changes, calculated from SR measurements, indicated even larger soil carbon losses (Vande Walle et al., unpublished data). in Scots pine plots to 1360 g C m -2 year -1 in pedunculate oak plots of a mixed forest at Brasschaat, whereas Longdoz et al. (2000) determined SR rates of 438 g C m -2 year -1 and 870 g C m -2 year -1 in a Douglas-fir and a beech stand at Vielsalm, respectively. Although the plantation at Zwijnaarde was much younger and had a much higher planting density than most other forests studied, the amount of carbon released annually from the soil was comparable with the amount measured in these older ecosystems. Values of annual SR measured in an 11-year-old loblolly pine plantation (1263 to 1576 g C m -2 year -1 , Maier and Kress 2000) exceeded our values; however, the climate in that region is much warmer (mean annual temperature of 17°C) and wetter (mean annual rainfall of 1210 mm) than at Zwijnaarde, which can be expected to stimulate soil respiration. Raich and Schlesinger (1992) found a relationship between total annual SR and mean annual air temperature in temperate deciduous forests on a global scale. In contrast, Janssens et al. (2001b) found no significant relationship between annual SR and mean annual ST in temperate forests at a smaller scale. Based on the results of these studies, we conclude that the small range of weighted mean temperatures (only 0.7°C between the different collars) may explain the absence of a relationship between total annual SR and weighted mean ST at Zwijnaarde.
By definition, Q 10 is a measure of the effect of temperature when all other conditions remain constant. This precondition for the determination of Q 10 rarely, if ever, applies for the de- termination of Q 10 values from field measurements. The Q 10 values we calculated are therefore, at best, approximations and should be considered year-specific values, which means that they are likely influenced by phenological changes occurring throughout the year. Despite the violation of the basic assumptions, Q 10 values are often applied in soil CO 2 efflux studies. A whole range of factors influence calculated (annual) Q 10 values: soil depth at which soil temperature is measured (Irvine and Law 2002) ; soil CO 2 efflux model type (Fang and Moncrieff 2001) ; length of the measuring campaign (whole year or shorter) (Kutsch and Kappen 1997) ; and soil water content Qi 2001, Curiel Yuste et al. 2003) .
Annual Q 10 values of both the exponential and the logistic model were higher than values reported by Fang et al. (1998) , Buchmann (2000) and Matteucci et al. (2000) , who also measured ST at a depth of 5 cm. Their research was conducted in forest ecosystems that were considerably older than the shortrotation plantation at Zwijnaarde. However, the annual Q 10 value determined by the logistic model was only 2.7 for willow plot W19 in 2004, and 2.2 for birch plot B8 in the period August 2003 to July 2004. These lower Q 10 values probably reflect the inter-annual variability in climatic conditions. Measurements by the Royal Meteorological Institute of Belgium (RMI, 2003 (RMI, , 2004 (RMI, , 2005 
Spatial heterogeneity of soil CO 2 efflux
Several studies have revealed large small-scale spatial variability in SR (Matteucci et al. 2000) , even at the cm scale (Stoyan et al. 2000) . Spatial variability of SR, expressed as a coefficient of variation, ranged from 20 to 30% in the plantation at Zwijnaarde (Figure 2 ). Although mean air temperature and precipitation cause differences in SR rates between biomes (Raich et al. 2002) , other factors such as root biomass (Fang et al. 1998) , plant productivity (Raich and Schlesinger 1992) , soil pH, N and P concentrations or C:N ratio Qi 2001, Borken et al. 2002) are reported to determine spatial variation in SR at shorter distances.
The positive correlation between total annual SR and root biomass, and the lack of correlation between total annual SR and either area-or mass-based soil C or N concentration, may indicate that root respiration differed more than soil microbial respiration (i.e., heterotrophic soil respiration) among collars. As can be seen in Table 1 , the coefficient of variation was much larger for root biomass than for either area-or mass-based soil C and N concentration. This could be related to the young age of the ecosystem we studied, where root distribution could still be highly variable and the former agricultural use of the land could have resulted in uniform conditions in the upper soil layer. The five years of tree growth would not have been long enough to change the soil carbon concentration considerably; however, it can be expected that, in the longer term, the turnover of root biomass to soil carbon will cause a larger spatial variation in soil carbon concentration.
The lack of correlation between soil and vegetation-related characteristics was probably also associated with the young age of the plantation at Zwijnaarde (cf. Vande Walle et al. 2007) . Most other studies on SR considered older forest ecosystems, where vegetation had had more time to influence the physical, chemical and biological characteristics of the soil (Maljanen et al. 2001) . It can be expected that after several years of tree growth, stronger correlations between vegetation-related characteristics, such as root biomass, amount of litter or leaf area index and soil characteristics, will be found. Moreover, we studied a bio-energy plantation with a high planting density, and it is possible the high planting density resulted in more homogeneous characteristics than in forests with lower planting densities, as suggested by Xu and Qi (2001) . However, although the CVs of aboveground tree biomass and of root biomass were larger than the CV of SR in our study (Table 1) , there was no obvious relationship between these productivity variables and SR. The soil or vegetation-related characteristics underlying the short-distance spatial variation in SR in the plantation at Zwijnaarde remain to be identified. Soil phosphorus concentration may be one factor, because SR rates in European forests appear to be limited more by P than by N (Borken et al. 2002) . A study by Vanlerberghe (2004) , performed on the plantation at Zwijnaarde, showed that nitrogen availability was optimal for birch and willow and suboptimal for poplar, whereas phosphorus concentration appeared to be suboptimal for birch and willow, and insufficient for poplar.
Validation of the soil CO 2 efflux model
The two general SR models established for willow plots W3, W15 and W19 were used to model SR measured in willow plot W19 during 2004 (n = 111). During that year, SR was measured every two weeks at three sampling points in plot W19. The three sampling points differed from the points where measurements were made in 2005. The R 2 values for the relationship between modeled and measured SR were 0.67 and 0.70 for the exponential and the logistic functions, respectively. The spatially explicit exponential model (Equation 7) was also applied, and gave an R 2 of 0.67. The spatially explicit logistic model (Equation 8) could not be used, because no information on L was available. The RMSEs were 1.22, 1.17 and 1.27 for the general exponential, general logistic and spatially explicit models, respectively. All three original models overestimated SR measured in plot W19 during 2004. After the models were parameterized for plot W19, R 2 values increased to 0.73, 0.81 and 0.73 and RMSEs decreased to 0.63, 0.53 and 0.63 for the general exponential, general logistic and the spatially explicit models, respectively. The higher R 2 values obtained after parameterization reflected the inapplicability of the established relationship to other years because of changing biotic and abi-otic conditions. To develop a model that can be used in the longer term, the dataset considered must cover a relatively long time series that reflects a variety of biotic and abiotic conditions.
Soil CO 2 efflux measurements were performed on 18 collars in birch plot B8, from August 2003 to August 2004 (n = 433). After SR models were parameterized, R 2 values were only 0.56, 0.65 and 0.57 for the general exponential, general logistic and spatially explicit models, respectively, whereas RMSE values were 0.96, 0.86 and 0.96, respectively. Model fits were lower for the birch plot than for the willow plots. This birch plot differs from the willow plots, having a lower planting density and different canopy structure. As observed for the three willow plots, no significant relationships between either areaor mass-based soil C or N concentration and root biomass were observed for the birch plot. Moreover, relationships between the biomass of different root diameter classes within a soil layer or between the root biomass of a specific diameter class within the two soil layers were not significant. In contrast to the willow plots, aboveground biomass within a radius of 1 m around the soil collars was significantly related to the amount of litter in the collars, and to the amount of roots < 1 mm in diameter in the 0-15-cm soil layer. This could be a result of the lower planting density (6667 trees ha -1 ) of birch compared with willow (20000 trees ha -1 ). Larger distances between trees in the birch plot also induced larger variation in litter (CV of 60.1%) and in aboveground biomass within 1 m (CV of 77.1%) than in the willow plots (CV of 37.6 and 53.1%, respectively).
For willow plot W19 and birch plot B8, the logistic model provided a better fit to the measured data than the exponential model. This is illustrated in Figure 7 In the study of Rodeghiero and Cescatti (2005) , R 2 of the logistic model was higher than 0.80, except for a site where drought occurred (R 2 = 0.62). These authors mentioned that drought leads to a higher scatter of SR rates than when no drought occurs, leading to a somewhat lower R 2 value.
In conclusion, as found for many other forest ecosystems, temporal variations in SR observed in the young tree plantation at Zwijnaarde were strongly correlated with the seasonal variation in ST. Because no pronounced drought occurred during the summer of 2005, an exponential SR model fitted the 2005 data as well as a logistic model. The high annual Q 10 values for SR determined for the three willow plots during 2005 confirmed the lack of drought conditions during 2005. Under conditions of drought, annual Q 10 values were much lower, and a logistic model appeared to capture the impact of drought on SR better than an exponential model. Total annual SR in this young tree plantation was comparable with that in older forest ecosystems.
A range of soil physical and chemical characteristics and vegetation-related parameters, known to cause spatial differences in SR between ecosystems or biomes, had no effect on the spatial heterogeneity of SR measured in the short-rotation plantation at Zwijnaarde, indicating that soil or vegetation-related characteristics other than the ones studied determine spatial variation of SR in this ecosystem. Our sampling points were within a distance of 200 m, whereas sampling distances in most other studies are much greater. There was a slight positive correlation between total annual SR and root biomass.
The lack of correlation between soil and vegetation-related characteristics at this short-rotation plantation may be associated with the high planting density or the young age of the stand. Alternatively, the former agricultural use of the land may have resulted in relatively homogeneous soil characteristics at the time of planting. The absence of spatial correlation of SR indicates that the choice of sampling sites is of minor importance for obtaining reliable estimates of SR and their spatial variation in this young, densely planted short-rotation plantation. Sampling sites might have a greater effect on measured SR in older plantations and mature forest ecosystems. VANDE WALLE, SAMSON, LOOMAN, VERHEYEN AND LEMEUR TREE PHYSIOLOGY VOLUME 27, 2007 
